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HIGHLIGHTS 


•  A  novel  method  of  extracting  the  same  information  as  slow  rate  cyclic  voltammetry  for  a  lithium-ion  battery  is  presented. 

•  The  method  uses  galvanostatic  operating  modes  and  was  shown  to  be  faster  than  slow  rate  cyclic  voltammetry. 

•  Experimental  and  electrochemical  modelling  proved  the  technique  validity. 

•  Cycling  experiments  at  elevated  temperatures  showed  the  usefulness  of  the  technique  in  tracking  degradation. 

•  Electrochemical  Impedance  Spectroscopy  measurements  tracked  the  changes  in  impedance  during  cycling. 
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Monitoring  of  lithium-ion  batteries  is  of  critical  importance  in  electric  vehicle  applications  in  order  to 
manage  the  operational  condition  of  the  cells.  Measurements  on  a  vehicle  often  involve  current,  voltage 
and  temperature  which  enable  in-situ  diagnostic  techniques.  This  paper  presents  a  novel  diagnostic 
technique,  termed  differential  thermal  voltammetry,  which  is  capable  of  monitoring  the  state  of  the 
battery  using  voltage  and  temperature  measurements  in  galvanostatic  operating  modes.  This  tracks 
battery  degradation  through  phase  transitions,  and  the  resulting  entropic  heat,  occurring  in  the  elec¬ 
trodes.  Experiments  to  monitor  battery  degradation  using  the  new  technique  are  compared  with  a 
pseudo-2D  cell  model.  Results  show  that  the  differential  thermal  voltammetry  technique  provides  in¬ 
formation  comparable  to  that  of  slow  rate  cyclic  voltammetry  at  shorter  timescale  and  with  load  con¬ 
ditions  easier  to  replicate  in  a  vehicle. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-Ion  Batteries  (LIB)  are  the  current  technology  of  choice 
in  electric  and  hybrid  vehicle  applications  due  to  their  high  energy 
and  power  densities;  however,  barriers  to  mainstream  adoption 
include  safety  and  uncertainty  in  lifetime  of  these  devices.  Many 
degradation  modes  have  been  identified  in  the  literature  including 
the  growth  of  the  Solid-Electrolyte  Interphase  (SEI)  layer  [1,2], 
lithium-plating  [3,4],  electrolyte  decomposition  [5],  mechanical 
fracture  of  active  electrode  particles  [6,7],  cathode  dissolution  [8] 
and  others  [9,10].  The  kinetics  of  these  degradation  effects  are 
often  influenced  by  the  operating  conditions.  Development  of  non¬ 
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destructive  diagnostic  techniques  is  therefore  required  to  improve 
battery  lifetime. 

Thermodynamically,  lithiated  carbon  anodes  such  as  Meso- 
Carbon  MicroBeads  (MCMB),  are  not  stable  in  most  organic  car¬ 
bonate  based  electrolytes,  such  as  Ethylene  Carbonate— Dimethyl 
Carbonate  (EC— DMC)  [11  ].  However,  since  the  SEI  layer  protects  the 
anode  from  irreversible  reaction  with  the  electrolyte,  the  formation 
of  a  thin,  conformal  and  non-porous  SEI  on  initial  cycling  is  critical 
to  the  lifetime  and  performance  of  the  battery  [12],  On  the  other 
hand,  continual  growth  of  the  SEI  increases  cell  resistance  and 
consumes  active  material  leading  to  power  and  capacity  fade  [13], 

Measuring  capacity  loss  from  galvanostatic  charge/discharge 
curves  provides  valuable  yet  limited  insight  into  the  underlying 
physical  mechanisms  of  lithium-ion  battery  degradation.  Many  au¬ 
thors  have  used  a  reference  electrode  to  decouple  anode  and  cathode 
processes  [5,8,14—16],  However,  the  integration  of  a  reference  elec¬ 
trode  is  not  a  trivial  task,  impractical  to  implement  in  an  Electric 
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Vehicle  (EV)  and  has  been  reported  to  affect  the  cell  behaviour  14], 
Therefore,  a  more  practical  approach  is  to  implement  diagnostic 
techniques  that  do  not  necessarily  require  the  use  of  a  reference 
electrode.  These  include:  Electrochemical  Impedance  Spectroscopy 
(EIS)  [5,8,17—22],  Slow  Rate  Cyclic  Voltammetry  (SRCV)  [5,8],  differ¬ 
ential  voltage  (dV/d Q)  15,16,23—26]  analysis,  differential  capacity 
(dQ/dV)  [19,27—32]  analysis  and  statistical  methods  [33,34].  Whilst 
no  single  technique  provides  all  the  required  information  to  decouple 
physical  mechanisms  of  operation  in  a  whole  cell,  their  use  in  com¬ 
bination  can  often  provide  additional  insight. 

EIS  allows  for  the  decoupling  of  various  resistances  in  a  battery. 
Authors  have  made  EIS  measurements  and  fitted  these  parameters 
to  an  Equivalent  Circuit  Model  (ECM)  in  order  to  try  and  predict  the 
condition  of  the  battery  [20—22].  However,  without  half-cell 
measurements  or  the  use  of  a  reference  electrode,  the  large  im¬ 
pedances  from  one  electrode  can  mask  lower  impedance  processes 
from  the  other. 

Fitting  time-domain  current/voltage  data  to  equivalent  circuits 
has  also  been  explored  as  a  means  of  decoupling  loss  mechanisms. 
Krishnan  et  al.  [35]  developed  a  non-linear  ECM  where  elements 
represent  physical  processes  occurring  in  a  battery.  By  fitting  to  an 
ECM,  different  processes  in  the  battery  are  decoupled  however, 
since  the  fitting  process  is  driven  by  matching  simulated  voltages  to 
experimental  data,  cathodic  processes  can  dominate  over  anodic 
ones  as  the  potential  variation  of  the  cathode  is  considerably  larger 
than  the  anode  in  many  battery  chemistries. 

dV/dQ  and  dQJdV  analysis  are  techniques  used  to  measure  the 
stoichiometric  alignment  of  electrodes  within  a  full  lithium-ion 
battery  without  the  need  for  a  reference  electrode.  Half-cell  mea¬ 
surements  allow  for  the  assignment  of  peaks  to  anodic  or  cathodic 
processes.  In  dV/dQ  analysis,  the  peaks  represent  phase  transitions 
in  the  electrodes,  whilst  in  dQJdV  analysis,  the  peaks  represent  the 
location  of  a  phase  equilibrium.  A  drawback  of  dQ/dV  analysis  is 
that,  depending  on  the  step  size  and  battery  chemistry,  dV  can  tend 
to  zero  causing  an  infinite  solution  [16],  or  in  the  case  noisy  data, 
can  cause  large  variations  in  the  results.  A  drawback  of  dV/dQ  is  that 
the  peaks  are  defined  by  changes  in  the  overall  cell  voltage,  which  is 
the  difference  between  the  anode  and  cathode  potentials.  In  the 
majority  of  battery  chemistries,  cell  voltage  is  largely  determined 
by  the  cathode  potential  meaning  that  anode  processes  are  more 
difficult  to  discern  [27], 

Bloom  et  al.  [15,16]  and  Smith  et  al.  [24]  analysed  the  degra¬ 
dation  process  in  lithium-ion  cells  using  dV/dQ  curves  and  showed 
that  the  shift  in  the  peak  locations  can  indicate  different  mecha¬ 
nisms  of  capacity  fade.  Here  conclusions  about  the  degradation 
processes  occurring  were  alluded  to  by  fitting  the  dV/dQ  data  to 
half-cell  measurements  of  fresh  electrodes.  Fathi  et  al.  [23]  also 
demonstrated  the  use  of  dV/dQ  with  other  techniques  including  EIS 
and  coulombic  efficiency  measurements  to  probe  the  degradation 
processes  in  Lithium  Cobalt  Oxide  (LCO)— graphite  cells. 

Examples  of  dQ/dVbeing  combined  with  other  techniques  include 
Dubarry  et  al.  [27  ],  who  presented  a  combined  thermodynamic  State- 
Of-Charge  (SOC)  and  dQ/dV  analysis  to  decouple  thermodynamic  and 
kinetic  processes.  Smith  et  al.  [28]  also  combined  dQ/dV  analysis  with 
high  precision  end-point  capacity  measurements  to  differentiate 
various  degradation  mechanisms  such  as  SEI  growth,  electrolyte 
decomposition  and  positive  electrode  capacity  loss.  This  however 
requires  accurate  half-cell  V—  Qdata  to  be  taken  as  a  reference  data  set. 
Smith  and  Dahn  [29]  then  proposed  comparing  dQJdV  curves  from 
cycle-to-cycle  (delta  dQ/dV)  as  another  metric  to  allow  for  quality 
assurance  in  seemingly  stable  cell  chemistries  with  differences  seen 
in  the  dQ/dV  results  within  a  few  cycles. 

Statistical  analysis  of  data  has  also  been  used.  For  example,  Hu 
et  al.  [34]  demonstrated  that  the  sample  entropy  taken  from  the 
time-series  voltage/current  data  of  a  cell  correlates  with  the 


capacity  loss  and  could  be  used  as  an  SOH  estimator.  This  method 
however  does  not  provide  physical  insight  into  the  mechanisms  of 
degradation  in  lithium-ion  batteries. 

As  most  electrochemical  methods  require  isothermal  condi¬ 
tions,  temperature  measurements  are  often  not  required.  However, 
the  temperature  variation  during  non-isothermal  measurement 
can  contain  indirect  information  about  thermodynamic  phenom¬ 
ena  coupled  with  electrochemical  processes.  For  instance,  the  Open 
Circuit  Potential  (OCP)  of  an  LIB  is  temperature  dependent  and  this 
dependency  can  be  utilised  to  derive  thermodynamic  information 
of  the  electrode  [36], 

Reynier  et  al.  [36]  showed  that  in  well  graphitized  carbons,  en¬ 
tropy  changes  during  a  phase  transition  follows  a  staging  process  as 
the  electrode  is  lithiated.  Maher  and  Yazami  [37]  later  showed  that 
during  cycling  of  an  LIB  with  a  graphite  anode  and  LCO  cathode,  the 
entropy  change  of  the  cell  can  indicate  degradation  mechanisms 
occurring  in  either  the  anode  or  cathode.  During  cycling  experiments, 
they  showed  that  significant  entropy  changes  occurred  at  specific 
SOCs  and  these  were  mostly  attributed  to  the  cathode  ageing. 

These  changes  in  the  electrode  structure  and  alignment  will 
affect  the  amount  of  entropic  heat  generated  during  operation  and 
can  therefore  act  as  a  battery  state  indicator.  It  can  be  seen  from  the 
literature  that  a  number  of  different  diagnostic  techniques 
currently  exist,  however  no  single  technique  can  adequately  pro¬ 
vide  all  the  required  information  to  infer  the  mechanisms  of 
degradation.  To  this  end,  researchers  are  increasingly  combining 
different  techniques  in  order  to  circumvent  some  of  the  disadvan¬ 
tages  of  each  technique.  Hereafter,  a  novel  method  of  determining 
the  phase  transitions  of  battery  electrodes  through  changes  in  the 
entropic  heat  generation  under  galvanostatic  operation  is  proposed 
and  validated  against  simulation  and  test  data.  This  serves  as  an 
additional  diagnosis  tool  to  supplement  other  techniques. 

2.  Lithium-ion  battery  model 

A  pseudo-2D  thermo-electrochemical  model  of  an  LIB  was 
developed  based  on  the  governing  equations  and  modelling 
framework  presented  in  Refs.  [38—41]  which  considers  three 
porous  domains:  the  anode,  separator  and  cathode.  Four  partial 
differential  equations  describe  the  unsteady  concentration  profiles 
of  lithium  and  lithium-ions  in  the  solid  and  electrolyte  phases, 
respectively,  under  charge  conservation.  The  reaction  current 
density  was  then  calculated  through  the  Butler— Volmer  equation 
and  the  system  of  equations  was  iteratively  solved.  This  was 
coupled  to  a  lumped  thermal  capacitance  model  as  described  by 
Eqs.  (1 )— (6).  For  full  details  of  the  governing  equations  and  solution 
method  are  provided  in  Wu  et  al.  [40],  Here  the  effect  of  entropic 
heat  generation  was  added. 

_  ar  ... 

pCp^r  —  <7r  +  <7j  +  <Jc  +  Qe  —  Qconv  (1 ) 

L 

<?r  =  A  J  jl\<ps  -<pe-  U)dx  (2) 
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^=AjjUT(^wr)  (5) 

o 

Qconv  =  hAs(T  —  ramb)  (6) 

Here  p  is  the  density  of  the  battery,  Cp  is  the  specific  heat  ca¬ 
pacity,  T  is  the  cell  temperature,  t  is  the  time,  qr,  qj,  qc,  qe  and  gconv 
are  the  reaction,  joule,  contact,  entropic  and  convective  heat  gen¬ 
eration/dissipation,  A  is  the  total  through-plane  area  of  the  elec¬ 
trodes,  L  is  the  through-plane  thickness,  jLl  is  the  reaction  current 
density,  <j>s  is  the  solid  phase  potential,  <j>e  is  the  electrolyte  poten¬ 
tial,  Eocp  is  the  OCP  of  the  electrode,  <reff  is  the  effective  conductivity 
of  the  solid  phase,  xeff  is  the  effective  conductivity  of  the  electrolyte, 
k^{  is  the  effective  diffusional  conductivity  of  the  electrolyte,  /  is  the 
applied  current,  Rc  is  the  contact  resistance,  a  is  the  specific  surface 
area  of  the  electrode,  h  is  the  convective  heat  transfer  coefficient,  A; 
is  the  external  surface  area  of  the  cell  and  Tamb  is  the  ambient 
temperature. 

The  batteiy  model  was  parameterised  against  test  data  taken 
from  a  Maccor  4300  battery  tester  for  a  4.8  Ah  Dow  Kokam  lithium- 
polymer  batteiy  which  used  a  carbon  anode  with  an  NMC  cathode. 


Cathode  stoichiometry 


Anode  stoichiometry 

Fig.  1.  (a)  Pulse  discharge  of  a  4.8  Ah  Kokam  lithium-polymer  cell,  (b)  Entropy  profile 
for  the  anode  and  cathode. 


Pulse  discharge  tests  in  a  4-electrode  mode  configuration,  consist¬ 
ing  of  a  3.6  A  load  for  100  s  followed  by  a  900  s  rest  period,  were  used 
to  determine  the  OCP  as  well  as  the  diffusion  coefficients.  The  OCP 
was  taken  as  the  steady  state  value  after  the  rest  period.  Tempera¬ 
ture  measurements  were  made  with  a  k-type  thermocouple  placed 
at  the  centre  of  the  outer  cell  surface  with  Kapton®  tape.  A  genetic 
algorithm  based  subroutine  was  used  to  fit  the  diffusion  and  charge 
transfer  coefficients  to  each  consecutive  pulse  as  shown  in  Fig.  la 
[42].  The  thickness  of  the  electrode  layers  were  determined  by  the 
physical  dimensions  of  the  cell  and  x-ray  computed  tomography 
scans  of  a  delaminated  cell  [43]  to  find  the  number  of  layers. 
Through-plane  thickness  ratios  of  the  anode-separator-cathode 
were  based  on  the  values  given  by  Smith  and  Wang  [39], 

dEocp/dT  measurements  were  carried  out  using  the  apparatus 
presented  by  Troxler  et  al.  [44  .  Whole  cell  entropy  measurements 
were  used  to  derive  the  half-cell  entropy  profiles  by  subtracting  the 
anode  entropy  profile,  presented  by  Reynier  et  al.  36],  from  the 
whole  cell  measurements  and  electrode  stoichiometric  ratios  pre¬ 
sented  by  Smith  and  Wang  39],  resulting  in  the  profiles  as  shown 
in  Fig.  lb. 

The  resulting  voltage  and  temperature  response,  under  galva- 
nostatic  discharge,  are  shown  in  Fig.  2a  and  b,  respectively.  Here  the 


Fig.  2.  (a)  Comparison  of  simulation  and  experimental  voltages  under  galvanostatic 
discharge,  (b)  Comparison  between  simulated  and  experimental  temperatures  under 
discharge. 
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effect  of  including  and  excluding  the  entropic  heats  is  presented  for 
comparison. 


3.  Differential  thermal  voltammetry 


SRCV  measurements  are  commonly  applied  to  the  study  of  LIBs, 
where  the  current  peaks  can  indicate  the  onset  of  a  phase  transition  in 
the  battery  electrode.  Fig.  3a  shows  good  agreement  between  the 
experimental  and  simulated  SRCV  profiles  for  the  4.8  Ah  cell  at  scan 
rates  between  10  and  200  pV  s_1  during  discharge.  Slower  scan 
speeds  reveal  more  peaks  with  the  location  closer  to  the  true  ther¬ 
modynamic  potential  due  to  the  lower  overpotential  contributions. 

The  disadvantage  of  SRCV  follows  from  long  measurement  times 
(100  pV  s_1  equates  to  -4  h  scan  time  in  one  direction)  and  diffi¬ 
culty  in  the  implementation  on  an  EV.  We  hereafter  introduce  the 
concept  of  Differential  Thermal  Voltammetry  (DTV)  as  a  technique 
comparable  to  SRCV  but  requiring  considerably  less  time  through 
galvanostatic  operating  modes,  which  are  more  common  in  EV 
applications. 

The  DTV  technique  involves  a  galvanostatic  charge/discharge  of 
a  cell  with  simultaneous  measurement  of  the  voltage  and  tem¬ 
perature.  The  ratio  of  the  temperature  and  voltage  differentials, 
with  respect  to  time,  are  then  calculated  to  give  the  DTV  metric  as 
shown  in  Eq.  (7),  where  T,  V  and  t  represent  temperature,  voltage 
and  time,  respectively. 


DTV  = 


dT  /dV 
d t /  df 


dr 

dV 


(7) 


During  (de)intercalation,  the  electrodes  experience  phase 
transformations  which  affect  the  amount  of  entropic  heat 


generated  and  the  rate  of  change  of  the  electrode  potentials.  The 
decoupled  dEocp/dT  values,  as  a  function  of  the  stoichiometry,  for 
each  electrode  are  shown  in  Fig.  lb.  These  changes  in  the  entropic 
heats  can  be  used  as  a  stoichiometric  marker  for  the  respective 
electrode  since  this  is  a  function  of  the  SOC.  Here  it  is  assumed 
that  the  rate  of  change  of  the  series,  SEI  and  charge  transfer  re¬ 
sistances,  as  a  function  of  the  SOC,  is  relatively  small,  which  is  a 
valid  assumption,  above  3.6  V,  when  considering  the  EIS  fitted 
impedance  data  shown  in  Fig.  3b.  The  EIS  measurements  pre¬ 
sented  were  performed  with  a  Biologic  VSP  multichannel 
potentiostat  equipped  with  a  5  A  booster  under  a  1  C  (4.8  A)  DC 
load  with  a  200  mA  RMS  current  oscillation  in  order  to  get 
representative  values  of  the  resistance  during  the  DTV  mea¬ 
surements.  Fitting  of  equivalent  circuit  parameters  was  done 
with  ZView  to  the  equivalent  circuit  shown  in  Fig.  3b.  Under  OCP 
conditions,  the  trend  in  the  resistances  are  the  same  but  the 
charge  transfer  resistance  is  higher  as  suggested  by  the  Butler- 
— Volmer  equation.  Therefore,  the  rate  of  change  of  the  heat 
generation  is  mainly  a  function  of  the  entropic  heat  variation 
with  SOC.  The  rate  of  change  of  the  voltage  also  provides  infor¬ 
mation  about  phase  changes  occurring  in  the  battery  electrodes, 
with  a  plateau  suggesting  a  transition.  Plotting  the  DTV  metric 
against  the  cell  voltage  thus  gives  a  plot  similar  to  that  of  SRCV  as 
shown  in  Fig.  3c  which  compares  the  DTV  measurement,  taken  at 
2  C,  against  the  100  and  200  gV  s_1  SRCV  measurements.  The 
dominant  peak  around  3.65  V  appears  in  both  data  sets  as  well  as 
the  two  smaller  peaks  at  3.45  V  and  4  V.  In  general,  the  location  of 
the  peaks  for  the  DTV  is  shifted  more  to  the  left  due  to  the  higher 
overpotentials.  It  should  be  noted  that,  in  SRCV,  the  IR-drop  is  not 
constant  over  the  voltage  window. 


Cell  voltage  /  V 


Fig.  3.  (a)  Simulated  and  experimental  slow  rate  cyclic  voltammetry  for  a  4.8  Ah  lithium-polymer  cell  for  scan  rates  of  10-200  pV  s  (b)  Equivalent  circuit  fitted  resistance  values 
to  EIS  measurements  at  different  cell  voltages  under  a  4.8  A  DC  load  with  200  mA  RMS  excitation  current,  (c)  Comparison  between  SRCV  and  DTV  measurement  made  at  a  2  C  scan 
rate,  (d)  Comparison  between  experimental  and  simulated  DTV  for  different  discharge  rates.  All  measurements  and  simulations  were  done  at  a  room  temperature. 
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Discharging  at  increasing  C-rates  produces  the  same  informa¬ 
tion  however  the  IR-drop  is  higher  and  therefore  the  peak  position 
is  shifted  even  more  as  shown  in  Fig.  3d,  which  also  corresponds 
well  with  the  simulated  data.  The  magnitude  of  the  shift  in  peak 
location  is  expected  to  vary  non-linearly  due  to  the  non-linear 
variation  of  the  polarisation  resistance  with  increasing  current. 
The  height  of  the  peak  is  also  larger  due  to  the  larger  entropic  heat. 
The  DTV  measurements  presented  were  performed  under  an 
ambient  temperature  of  20  °C  with  natural  convection  boundary 
conditions  on  the  cell  surface.  Provided  temperature  variations 
caused  by  convective  heat  transfer  is  minimised  over  the  dV  mea¬ 
surement  range,  the  influence  of  thermal  boundary  conditions  on 
the  DTV  measurements  should  be  minimal.  Under  ideal  conditions, 
ambient  temperature  should  be  kept  constant  or  the  cell  should  be 
fully  insulated. 


Cell  voltage  /  V 


Cell  voltage  /  V 


Cell  voltage  /  V 


4.  Degradation  tests 

To  demonstrate  the  DTV  technique,  a  4.8  Ah  Kokam  cell  was 
cycled  at  1  C  and  55  °C.  Thermal  conditions  were  maintained  with 
an  Esco  Isotherm  incubator  with  a  thermal  accuracy  of  ±0.5  °C. 
During  the  cycling  of  the  cells,  the  cathode,  anode  and  electrolyte 
will  degrade  however  to  a  different  extent.  We  assume  that  under 
this  mode  of  cycling,  the  SE1  layer  growth  is  expected  to  be  the 
dominant  degradation  mechanism  due  to  the  high  temperature 
operation  accelerating  the  rate  of  the  side  reaction  associated  with 
the  SEI  layer  growth  and  electrolyte  decomposition  [  10,13],  After 
every  50  cycles,  the  cell  was  characterised  through  SRCV,  E1S  and 
DTV  measurements  at  room  temperature.  Fig.  4a  shows  the  SRCV 
measurements  taken  at  150  gV  s  1  at  different  stages  of  degrada¬ 
tion,  and  Fig.  4b  the  percentage  of  remaining  capacity,  calculated  by 


Fig.  4.  (a)  SRCV  measurements  taken  at  150  gV  s  1  and  room  temperature  for  a  cell  cycled  at  1  C  at  55  °C.  (b)  Relative  capacity  as  a  function  of  number  of  cycles,  (c)  DTV 
measurements  taken  at  2  C  and  room  temperature  for  the  same  cell  with  decoupled  dT  and  dV  values  (d).  (e)  Simulated  DTV  measurements  with  different  fractions  of  material  loss 
with  decoupled  dT  and  dV  values  (f). 
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Fig.  5.  (a)  EIS  spectra  taken  under  a  4.8  A  DC  load  at  100%  SOC  at  different  capacity  loss  points  with  fitted  series  resistance  (b),  SEI  layer  resistance  (c)  and  charge  transfer  resistance 
(d)  as  a  function  of  cell  voltage. 


integrating  the  current  from  the  SRCV  measurements,  as  a  function 
of  the  number  of  cycles.  An  increase  in  total  battery  resistance 
caused  the  main  peak  to  shift  and  a  loss  of  active  material  caused  a 
decrease  in  the  area  under  the  curve. 

Fig.  4c  shows  the  DTV  measurements,  with  the  decoupled 
dT-dt_1  and  dVdt-1  values  (Fig.  4d),  taken  at  the  same  corre¬ 
sponding  capacity  loss  points.  The  same  shift  to  lower  potentials  in 
the  main  peak  is  observed  as  in  the  SRCV,  as  well  as  the  decrease  in 
peak  height.  Simulation  results  of  the  DTV  measurements  (Fig.  4e), 
with  the  decoupled  dT-dt-1  and  dV  dt-1  values  (Fig.  4f),  where  the 
amount  of  active  material  in  both  the  anode  and  cathode  has  been 
reduced,  also  shows  the  same  trend  in  the  peak  position.  Here 
active  material  is  lost  from  the  system  in  an  analogous  mechanism 
to  SEI  layer  growth  which  is  likely  to  be  accelerated  during  high 
temperature  operation.  Discrepancies  between  the  test  data  and 
the  simulated  data  still  exist  since  the  model  does  not  accounting 
for  all  mechanisms  of  degradation  yet. 

Fig.  5a— d  shows  the  EIS  spectra  measured  under  a  4.8  A  load 
from  1  kHz  to  0.1  Hz  at  100%  SOC  for  the  cell  at  the  different  ca¬ 
pacity  loss  points  with  the  fitted  parameters  for  the  series,  SEI  and 
charge  transfer  resistances  as  a  function  of  the  cell  voltage.  Over  the 
operating  range,  the  series  resistance  remains  relatively  constant, 
however  with  capacity  loss  there  is  an  upwards  trend  in  increasing 
resistance.  SEI  layer  and  charge  transfer  resistances  also  increase 
with  capacity  loss  suggesting  that  the  main  cause  of  degradation 
under  this  mode  of  operation  was  associated  with  increased  SEI 
film  resistance  on  the  anode  and  likely  lower  electrolyte  conduc¬ 
tivity  due  to  electrolyte  decomposition  during  SEI  formation.  Ob¬ 
servations  in  the  literature  suggest  that  under  1  C  cycling 
conditions  of  NMC/graphite  based  batteries  at  room  temperature, 
the  loss  of  cycleable  lithium  was  mainly  due  to  lithium  consump¬ 
tion  during  SEI  layer  growth.  The  increase  in  charge  transfer 
resistance  was  mainly  attributed  to  cathode  dissolution  processes 
that  catalyse  SEI  layer  growth  [5],  It  is  also  probable  that  cycling  of 
the  battery  causes  microcracks  in  the  electrodes  through  volume 


expansion,  leading  to  loss  of  electrical  contact  for  active  material 
particles  and  thus  an  increase  in  internal  resistance  of  the  battery 
and  consequently  a  reduction  in  capacity  and  power. 

5.  Conclusion 

A  novel  technique,  termed  the  Differential  Thermal  Voltammetry, 
has  been  presented.  The  DTV  technique  has  been  shown  to  provide 
equivalent  information  to  SRCV  measurements  by  taking  the  differ¬ 
ential  of  the  measured  voltage  and  temperature  during  galvanostatic 
operation.  Changes  in  the  entropic  heat  generation  during  galvano¬ 
static  discharge  represent  the  phase  transitions  in  the  battery  elec¬ 
trodes.  This  is  typically  represented  by  the  current  peak  when  doing 
SRCV  and  therefore  gives  equivalent  information.  This  has  the 
advantage  of  being  faster  than  SRCV  and  obtained  through  galva¬ 
nostatic  operating  modes,  which  are  more  applicable  to  EV  applica¬ 
tions.  DTV  has  therefore  been  demonstrated  as  a  complimentary  tool 
to  existing  diagnostic  techniques  with  the  novelty  of  inferring  ther¬ 
modynamic  information  through  temperature  measurements.  The 
majority  of  other  techniques  rely  more  on  incremental  capacity  and 
cell  potential  variations  which,  in  the  majority  of  battery  chemistries, 
is  mostly  driven  by  cathodic  processes  due  to  large  variations  in  the 
half-cell  potential  of  the  cathode  relative  to  the  anode. 

Application  of  the  DTV  technique  in  tracking  battery  degradation 
was  demonstrated  by  cycling  a  4.8  Ah  lithium-polymer  cell  at  elevated 
temperatures.  DTV  and  SRCV  measurements  showed  that  the  new 
technique  gives  analogous  information.  EIS  measurements  suggest 
that  the  dominant  degradation  mechanism  at  elevated  temperature 
was  SEI  layer  growth,  leading  to  power  and  capacity  fade. 
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